ABSTRACT In this paper, a fault-tolerant synchronization control (FTSC) algorithm is proposed to deal with the position tracking control problem for a dual redundant hydraulic actuation system (DRHAS) working on active/active (A/A) mode and suffering from internal leakage faults, large disturbances, and force fighting between actuators. Specifically, two reference trajectories are introduced and a novel nonlinear model for the DRHAS is developed to facilitate the synthesis of position tracking control and force synchronization control. Then, a nonlinear FTSC algorithm is proposed by incorporating adaptive control and disturbance rejection control into the backstepping design. In which, a simple reconfiguration mechanism based on faulty parameters online adaptation is adopted to accommodate the faults. The matched and unmatched disturbances in both actuators are estimated by constructing four extended state observers (ESOs) and are compensated in a feedforward way. The stability analysis indicates that the proposed control algorithm can ensure prescribed tracking performance for the system under internal leakage faults and time-varying disturbances, and can make the tracking error of the faulty system converge to zero asymptotically under constant disturbances. Finally, the effectiveness of the proposed control algorithm is verified through comparative simulations.
I. INTRODUCTION
The redundant hydraulic actuation systems (RHAS) have been universally adopted to drive the primary control surfaces of the modern airplanes. For example, both ailerons of the Airbus A320 are driven by a dual redundant hydraulic actuation system (DRHAS), and the rudder of the plane is driven by a triply redundant hydraulic actuation system (TRHAS) [1] .
The associate editor coordinating the review of this manuscript and approving it for publication was Jianyong Yao. In a typical RHAS configuration, several parallelly connected hydraulic actuators (HA) operate on A/A mode to deflect the control surface, and their outputs are summed by force [2] . A major issue that affects the position tracking accuracy of such system is the force fighting between HA channels, namely the HAs output non-synchronous forces due to reasons such as manufacturing tolerances and individual nonlinear property, and then they fight against each other to find an equilibrium point to drive the common control surface [3] . To reduce force fighting and realize highaccuracy positon tracking control for RHAS, some force equalization control methods such as pressure differential equalization control [4] , decoupling control [5] , and motion state synchronization control [6] , [7] have been proposed in recent years.
By employing the control strategies mentioned above, the force fighting problem was proved to be reduced effectively. However, most of the existing results have neglected the impact of faults on the performance of the RHAS. A fault with greatest concerns is the internal leakage in hydraulic cylinder, which can impair the system performance or even make the system unstable if they are not compensated properly [8] . On the other hand, the internal leakage faults occurring in one or more HA channels can cause changes on dynamic response of actuators and aggravate the non-synchronous force outputs, which eventually results in more serious force fighting problem. Since internal leakage faults are inevitable, it is very meaningful to develop a control scheme that takes into account both control problems, i.e., the force equalization control and the fault-tolerant control (FTC).
Many schemes such as Kalman filter-based schemes [9] , [10] , wavelet-based schemes [11] , neural network(NN)-based schemes [12] and observer-based schemes [13] have been studied extensively to handle the internal leakage fault detection problem in HAs. However, to the best of the authors' knowledge, research on FTC problem for HAs especially for RHAS subject to internal leakage faults is still very limited. In [14] , an FTC algorithm based on stochastic parameter estimation was presented for an HA with internal leakage fault. In [15] , an adaptive robust FTC scheme based on faulty parameter adaption was proposed for a single-rod HA. In [16] , a set of local controllers were designed to compensate for different levels of leakage in HA cylinder by employing quantitative feedback theory. In [17] , a set of local fuzzy PI controllers with respect to different RHAS operating conditions were constructed and a strategy for synthesizing the available controllers was developed based on the fault information obtained from a novel disturbance-decoupled observer. In [18] , several performance degradation reference models corresponding to different fault levels were constructed for a dissimilar redundant actuation system in active/standby mode and a series of adaptive fuzzy controllers were designed accordingly to limit the system performance degradation. Among these methods, the schemes [16] - [18] are linear control strategies without consideration of disturbances and it should be noted that a high position tracking accuracy cannot be achieved with a linear controller due to the high nonlinearity of the HA [19] . Furthermore, the nonlinear controllers in [14] , [15] have neglected the matched disturbances in actuators.
In practice, the positon tracking accuracy of the RHAS is affected not only by faults or force fighting between HA channels but also by matched and unmatched disturbances, such as the modeling error of the pressure dynamics and the unmolded load force of the cylinder dynamics.
However, to the best of the authors' knowledge, few control schemes for the RHAS have considered the matched and unmatched disturbances simultaneously. Recently, to achieve high-accuracy position tracking performance, active disturbance rejection control (ADRC) has been extensively studied to cope with large disturbances in the HA. The main idea of the ADRC is to estimate the disturbances from measurable states and take a control action to compensate the effects of the disturbances in a feedforward way. In [20] , a nonlinear disturbance observer was designed to estimate the matched disturbance by assuming the derivative of the disturbance was zero. In [21] , the periodic-like disturbances were approximated by applying Fourier series expansion and an adaptive repetitive controller was constructed to learn and compensate the disturbances. In [22] , an adaptive extended state observer driven by the velocity signal was constructed to estimate the unmatched disturbance and therefore the estimation result is easily polluted by severe measurement noise existed in the velocity signal. In [23] , a disturbance observer in the form of a second-order high-pass filter was constructed, but the upper bound of the estimation error was required to be known to design the compensation control strategy. In [24] , the matched and unmatched disturbances were estimated by high-gain observers, and two auxiliary states instead of the derivate of the measured signal were used to avoid the amplification of the measurement noise. In [25] , two multilayer NNs estimators were designed to deal with the matched and unmatched disturbances and an asymptotic tracking performance can be achieved by integrating with the adaptive robust integral of the sign of the error (RISE) feedback control approach.
Motivated by the above discussions, a disturbanceestimation based adaptive backstepping fault-tolerant synchronization control (DAFTSC) algorithm is proposed for a DRHAS operating on A/A mode. Firstly, inspired by [5] , two reference trajectories are employed and a novel nonlinear model is developed to facilitate the controller design for integrating two control objectives, i.e., the positon tracking and the force synchronization. Then, a DAFTSC controller is developed by incorporating adaptive control and ESO-based ADRC into backstepping design. In which, the internal leakage faults in both HA channels are treated as faulty parameters variation and are effectively accommodated by a simple reconfiguration design based on faulty parameters online adaptation. Moreover, to reduce the effects of large disturbances on control performance, the matched and unmatched disturbances in both HA channels are estimated by four linear ESOs and are compensated in a feedforward way. By employing Lyapunov stability theory, it shows that the proposed control algorithm can ensure the closed-loop system to achieve a prescribed tracking performance under internal leakage faults and timevarying disturbances, and can make the final system tracking error converge to zero asymptotically under faults and constant disturbances. The contributions of the paper are listed below: 1) A novel nonlinear model of a DRHAS is proposed to facilitate the synthesis of two control objectives, namely the position tracking and the force synchronization.
2) A simple reconfiguration mechanism based on faulty parameters online adaptation is designed to accommodate the faults as soon as possible.
3) The matched and unmatched disturbances in both HA channels are estimated by constructing four linear ESOs, and the effects of the disturbances on position tracking performance of the system are greatly attenuated by employing a feedforward compensation strategy. 4) A DAFTSC controller which incorporates adaptive control and ESO-based ADRC into backstepping design is proposed to deal with the control problem of the DRHAS in the present of internal leakage faults, force fighting and large disturbances.
The remaining of the paper is organized as follows: A nonlinear model for the DRHAS and a formulation of the control problem are given in Section II. The internal leakage faults estimation, the ESO-based disturbances estimation, the controller design and the stability analysis for the closedloop control system are presented in Section III. Comparative simulation studies are shown in Section IV. Finally, a conclusion is given in Section V.
Notations: diag(·) represents a diagonal matrix. I n and O n denote the n × n identity matrix and n × n zero matrix, respectively. M T and M −1 denote the transpose and the inverse of the matrix M, respectively. λ max (·) and λ min (·) stand for the maximal and minimal eigenvalues of a matrix, respectively. · represents the Euclidean norm of a vector or the spectral norm of a matrix, and · max stands for their maximum values accordingly.
II. NONLINEAR MODEL AND PROBLEM STATEMENT
The structure of a DRHAS operating on A/A mode is shown in Figure 1 . Two HAs powered by different hydraulic power sources (marked in blue and green, respectively) are connected to a common control surface, and each HA mainly consists of an electro-hydraulic servovalve and a single-rod hydraulic cylinder.
A. NONLINEAR MODEL OF THE SINGLE-CHANNEL HA
The force balance equation of a hydraulic cylinder is shown as follows:
where x hi and m hi are piston rod displacement and piston mass. Throughout this paper the subscript i (i = 1, 2) in italic type denotes the two HAs in the DRHAS. A 1 is the piston area of the active chamber and A 2 is the piston area of the passive chamber. P hi1 and P hi2 are the pressures of the two chambers. B hi is the damping coefficient, F hi is the external load of the cylinder, and d i is the unmatched disturbance that includes unmodeled load force and external disturbances. Suppose both HAs in the DRHAS are connected rigidly to the control surface and F hi can be described as
where K hi is the connect stiffness, 
where β e is the effective oil bulk modulus, V hi1 = V 10 +A 1 x hi and V hi2 = V 20 − A 2 x hi are the volumes of the chambers, and V 10 andV 20 are their initial volumes. q hi is the internal leakage of the actuator. Q hi1 is the supply flow rate of the active chamber, and Q hi2 is the return flow rate of the passive chamber. q ui1 and q ui2 are the matched disturbances caused by unmodeled pressure dynamics and parameter deviations, which can significantly affect the dynamics of the HA [26] . Since the dynamics of the valve is much faster than the other parts of the system, its dynamics is neglected without significantly affecting the control performance [27] . Therefore, we assume that the servovalve displacement x vi is proportional to the control input u i , i.e., x vi = k ui u i , and the flow rates Q hi1 and Q hi2 can be calculated by
where k q is the flow rate gain, k ui is the servovalve gain, and R hi1 , R hi2 are defined as [28] 
and the function s(x) is defined as
The internal leakage in the cylinder can be modeled by
where C ii is the normal internal leakage coefficient, and C ti is the unknown fault internal leakage coefficient need to be estimated. According to (1)- (10), define the state variables as
T , then the state space model of an HA can be written as
where
and
Assumption 1:
The disturbances d i , q i and their time derivatives are bounded; The chamber pressures of the cylinder P hi1 , P hi2 are bounded and satisfy P ri < P hi1 < P si and P ri < P hi2 < P si , respectively.
B. NONLINEAR MODEL OF THE DRHAS
Based on the model of the single-channel HA, the model of the DRHAS can be easily derived. Define the state variables as
then the state space of the DRHAS can be written as
ẋ 12
T is a vector of unknown internal leakage fault parameters,
T is a vector of system inputs, and
T is the coupling term between two HAs. Assumption 2: The fault parameter vector θ satisfy
where θ min and θ max are known constant vectors,
Remark 1: Noting Assumption 1, equations (7) and (8), we have R hi1 > 0, R hi2 > 0. Thus, the inequality f hi1 > 0 holds and the matrix F 1 is reversible.
Suppose the DRHAS is working on A/A mode and the outputs of the two HAs are summed by force. Then the dynamics of the control surface can be represented as
where the driving forces
is the damping coefficient, and T L is the load torque. Define the system outputs as y 1 = θ d , y 2 =θ d , and then according to (2) and (15), the output equation of the DRHAS can be written as
C. MODEL TRANSFORMATION AND PROBLEM STATEMENT
For the DRHAS (13) and (16), the goal of this paper is to design a fault-tolerant synchronization control scheme to ensure that 1) The output control surface deflection angle θ d can track the reference trajectory θ r accurately, especially in the present of internal leakage faults, matched and unmatched disturbances.
2) Synchronized force outputs for HAs can be maintained to reduce the force fighting effectively no matter in faultfree or faulty cases. To achieve the above control objectives and simplify the nonlinear controller design, two reference trajectories for the controller are introduced [5] .
Firstly, a reference trajectory x r1 which is derived from (16) is introduced for positon tracking control.
Assumption 3: The reference trajectory θ r is C 5 continuous and bounded. VOLUME 7, 2019 Theorem 1 [29] : For function f 1 (x 11 , x 21 ) = K h1 x 11 + K h2 x 21 , the output deflection angle of the control surface θ d can track the reference trajectory θ r accurately if the function f 1 (x 11 , x 21 ) can track the reference trajectory x r1 which satisfies
. (17) where, α r1 = −k 1 z 1 +θ r is a virtue control input, z 1 = y 1 − θ r and z 2 = y 2 − α r1 are error variables, k 1 and k 2 are positive constants. The proof of the theorem can refer to reference [29] . Then, a reference trajectory x r2 is employed for force outputs synchronization control for two HAs.
Define a function as f 2 (x 11 , x 21 ) = K h1 x 11 − K h2 x 21 and a reference trajectory (2), the fighting force between two HAs can be represented as (18) and it can be observed that the fighting force F will approach to zero to achieve force outputs synchronization when the function f 2 (x 11 , x 21 ) can track the reference trajectory x r2 accurately.
Remark 2: It is easy to deduce that the actual deflection angle θ d and its time derivativeθ d are bounded, and the reference trajectories x r1 and x r2 are both C 3 continuous and bounded. Readers can refer to [29] for more detailed information.
Based on the two reference trajectories, a new state vector is defined as follows:
Then, by introducing the linear transformation T for the first two equations of (13), a new state-space model for the DRHAS can be obtained as
Remark 3: Based on the definitions of T , H 3 and M 3 , it can be found that M 3 is reversible.
To facilitate the use of backstepping method for controller design, define a new state variable asx 3 = M 3 x 3 and the state-space model (20) can be represented in the following semi-strict-feedback form [30] :
Therefore, for the DRHAS (21) subject to internal leakage faults θ , matched disturbance H q and unmatched disturbance H d , the aforementioned control objectives can be transformed into the following new ones:
1) The state variable f 1 (x 11 , x 21 ) can track the reference trajectory x r1 accurately.
2) The state variable f 2 (x 11 , x 21 ) can track the reference trajectory x r2 accurately.
III. DAFTSC ALGORITHM
In this section, a DAFTSC algorithm is proposed to fulfill the aforementioned control objectives. The magnitude of the internal leakage fault in each HA channel is obtained by online adaptation, and the matched and unmatched disturbances in the system are estimated by constructing four linear ESOs [26] , [31] , [32] through full state feedback. A nonlinear controller employing the estimated information is synthesized by backstepping technology. A structure diagram of the proposed algorithm is illustrated in Figure 2 .
A. FAULTY PARAMETERS ONLINE ADAPTATION
To estimate the unknown fault parameter vector θ , an online adaptation law is chosen aṡ
where = diag( 1 , 2 ) is a diagonal positive definite matrix to control the parameter adaptation rates, σ is an adaptation function, which will be obtained by synthesizing the Lyapunov stability analysis later, and Pr ojθ
a discontinuous projection mapping which is defined as [33] :
The projection mapping in (23) can ensure the parameters adaption process has the following properties:
P2.
B. EXTENDED-OBSERVER-BASED DISTURBANCE ESTIMATION
Two linear ESOs which are denoted as DOB11 and DOB21 are constructed to estimate the unmatched disturbance in HA1 and HA2 respectively. Define an extended state vector as
T and letẋ ei1 = h ei1 (t), here h ei1 (t) is an unknown but bounded function which denotes the change rate of the unmatched disturbance. Then, based on the first two equations of (11), an extended state-space equation can be written as follows:
According to (26) , the DOB11/DOB21 can be designed aṡ
wherex ei1 is the estimate of x ei1 , and the observer gain K ei1 can be chosen as
in which ω ei1 > 0 is a design parameter that can be seen as the bandwidth of the observer. Denote the state estimation error asx ei1 = x ei1 − x ei1 = [x i1 ,x i2 ,x ei1 ] T and the scaled estimation error as
] T , thus the dynamics of the scaled estimation error can be described aṡ
Since the matrix A εi is Hurwitz, there exists a symmetric positive definite matrix P i1 that satisfies
Remark 4: It should be noted that the ESOs in (27) are driven by position signals rather than by velocity signals, which can greatly reduce the effect of the measurement noise in the disturbance estimations.
Two linear ESOs which are denoted as DOB12 and DOB22 are constructed to estimate the matched disturbance in HA1 and HA2 respectively.
Based on the last equation of (11), there are two ways of defining an extended state vector: (31) where
In which h ei2 (t) denotes the change rate of the matched disturbance q i and it is unknown but bounded.
The extended state equation has a similar form as (31) , and the only difference lies in the expression of H ei2 , here
T . Whatever the definition of the extended state we adopt, the constructed ESOs are the same and they are described aṡ
wherex ei2 is the estimate of x ei2 , K ei2 = 2ω ei2 , ω 2 ei2 T is the observer gain and ω ei2 > 0 is the bandwidth of the observer.
Denote the state estimation error asx ei2 = x ei2 − x ei2 = [x i3 ,x ei2 ] T and the scaled estimation error as
T . For case 1, the dynamics of the scaled estimation error can be described aṡ
Considering the case 2, the dynamics of the scaled estimation error can be given bẏ
Remark 5: The derived observer estimation errors (33) and (34) will facilitate the latter stability analysis to achieve different theoretical results in different conditions.
Since A ηi is Hurwitz, there exists a symmetric positive definite matrix P i2 that satisfies
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C. CONTROLLER DESIGN
To achieve the control objectives, based on the system model (21), a DAFTSC controller is presented in this section. The design procedure of the controller is presented as follows:
Step 1: Denote the reference trajectory as x r = [x r1 , x r2 ]
T and the tracking error of the system (21) is
Using a virtual control law α 1 = [α 11 , α 12 ] T to stabilize f (x 12 , x 22 , t) and the error between f (x 12 , x 22 , t) and α 1 is defined as
where α 1 −k 1 z 1 +ẋ r , in which the feedback gain matrix 12 ) is a diagonal positive definite matrix.
Considering (21), (37) and differentiating z 2 with respect to time, we can derive thaṫ
T denotes the virtual control law of the statex 3 , and the discrepancy betweenx 3 and α 2 is defined as
Combining the two-channel mismatched disturbances into a new vector
T denotes the estimate of x e1 , thus the virtual control law α 2 can be designed as
where α 2a is a model compensation term,α 2s functions as a nominal stabilizing feedback, and the feedback gain matrix 22 ) is a diagonal positive definite matrix. Substituting (39), (40) into (38), then we havė
Step 2: Considering (21), (39) and differentiating z 3 with respect to time, we can obtaiṅ
and based on (40), the derivative of the virtual control α 2 can be calculated bẏ
in whichα 2c belongs to the calculable part ofα 2 that can be employed in the controller design, α 2u represents the incalculable part that will be adjusted by certain robust feedback control design, andx e1 = x e11 ,x e21 T = x e1 −x e1 . Combining the two-channel matched disturbances into a vector x e2 = [x e12 , x e22 ]
T and letx e2 = x e12 ,x e22 T denotes the estimate of x e2 . Note that the matrices F 1 and M 3 are reversible, then based on (42) and (43), the control law u can be designed as
where the feedback gain matrix k 3 = diag(k 31 , k 32 ) is a diagonal positive definite matrix. u a is an adjustable model compensation term through the use of fault parameters online adaptation and disturbance estimation, and u s is a linear robust control law to help stabilize the closed-loop system. Denotex e2 = x e12 ,x e22 T = x e2 −x e2 , then by substituting (44) into (42) we can obtaiṅ
To facilitate the system stability analysis, some parameter matrices are introduced as follows: 
Theorem 2: Consider the DRHAS (21) with internal leakage faults, constant or slowly-varying disturbances, i.e.,h e11 (t) = h e21 (t) = 0, h e12 (t) = h e22 (t) = 0, the proposed controller (44) combined with the four constructed disturbance observers (27) , (32) and the adaptation function presented by
can guarantee that all the closed-loop system signals are bounded, the fault estimation error, the disturbance estimation error and the system tracking error converge to zero asymptotically if the following matrix is positive definite by selecting suitable feedback gain matrices k 1 , k 2 , k 3 and proper positive design parameters ω 2 , ω 3 , µ 1 and µ 2 .
(48)
Proof: Considering the definitions of x ei1 = −d i m hi , x ei2 = q i and thus the following relations hold:
T , then based on (29) and the parameter matrices W e1 and M e1 in (46), we can obtain:
It is easy to see the matrix A ε is Hurwitz, and there exists a symmetric positive definite matrix P 1 satisfying the following Lyapunov equation
Similarly, let us denote η = [η T 1 , η T 2 ] T , then based on (33) and the parameter matrices W e2 and M e2 defined in (46), we can derivė
Since the matrix A η is Hurwitz, there exists a symmetric positive definite matrix P 2 that satisfies the following Lyapunov equation
where P 2 = P 12 0 0 P 22 .
Considering the definitions ofx e1 ,x e2 ,x ei1 ,x ei2 , ε and η, and by introducing four parameter matrices M e1 , M e2 , N 1 and N 2 , we can obtaiñ
Define a Lyapunov function as
Then, the derivative of (55) can be described aṡ
According to the definitions of W e1 and W e2 in (46), we have (50), (51) and (57), we can derive
Similarly, based on (52), (53) and (58), we have
Substituting (37), (41), (45), (59) and (60) into (56), and note that h e11 (t) = h e21 (t) = 0, h e12 (t) = h e22 (t) = 0, i.e. H e1 = 0, H e2 = 0, thus we can obtaiṅ
Then, substituting (43), (49), (54) and the fault adaptation law (22) , (47) into (61), we havė
Denote
Since the matrix in (48) is positive definite, we can obtaiṅ
where W is a positive function. Therefore, V ∈ L ∞ , W ∈ L 2 and z 1 , z 2 , z 3 , ε, η andθ are bounded. Since x r is C 3 continuous and bounded, based on (36), (37) and the definition of α 1 , it can be derived that f (x 11 , x 21 , t), f (x 12 , x 22 , t),ż 1 andα 1 are bounded. Since y 1 is bounded, the coupling term x c is bounded. According to Assumption 1 and 2, it can be inferred that the states x, the extended states x ei1 , x ei2 and their estimatesx ei1 ,x ei2 are bounded. Therefore, VOLUME 7, 2019
x ei and its time derivative are bounded. Then, noting (39) and (40), it is easy to derive that α 2 andx 3 are bounded. Then, according to (43),α 2 is bounded. Moreover, noting Assumption 2 and (44), it can be inferred that the system control input u is bounded. In conclusion, all signals in the closed-loop system are bounded. From (29) , (33), (37), (41) and (45), it can be inferred thatẆ is bounded. Thus W is uniformly continuous. By applying Barbalat's lemma [34] , it can be obtained that W → 0 as t → ∞, which leads to the results of Theorem 2. Theorem 3: For the DRHAS (21) subject to internal leakage faults, uncertain time-varying disturbances, i.e., h e11 (t) = 0, h e21 (t) = 0, h e12 (t) = 0 and h e22 (t) = 0, the proposed controller (44) combined with the four disturbance observers (27) , (32) can guarantee that all the signals in the closed-loop system are bounded and the following Lyapunov function V V = 1 2 z
is bounded by
H e2 max 2 λ = 2λ min ( ) min{λ 1 , 1 µ 1 λ max (P 1 ), 1 µ 2 λ max (P 2 )}, and
Proof: Let us consider the definitions x ei1 = −d i m hi , x ei2 = q i − f hi3θ in this case and then we have
T ,according to (34) and the definitions in (46), we can obtaiṅ
Then from (53), (58) and (67), it can be derived that
A Lyapunov function V is defined as (64). Substituting (37), (41), (43), (45), (54), (59), (66) and (68) into (64), the time derivative of V can be expressed bẏ
Based on Young's inequality [35] , the following inequalities can be derived:
Substituting (70) and (71) into (69), we havė
Since the matrix is positive definite, then we havė
which leads to the results shown in Theorem 3. Remark 6: Noting (65), a prescribed tracking performance can be achieved, i.e., the transient response and steady-state error of the system can be adjusted via several controller parameters to fulfill the design requirements. Specifically, the transient response can be speeded up by increasing λ and the steady-state tracking error ξ λ can be made arbitrarily small by increasing λ or decreasing ξ . For example, the value of λ can be increased by selecting suitable feedback gain matrices k 1 , k 2 , k 3 to increase the value of λ min ( ) on the premise that the matrix is positive definite, and the value of ξ can be reduced by improving the observer bandwidths ω e11 , ω e12 , ω e21 and ω e22 .
IV. SIMULATION RESULTS
A model of a DRHAS was established in the MATLAB/ Simulink environment. The parameters of the model are listed in Table 1 .
To evaluate the control performance of the proposed algorithm in the face of internal leakage faults, large disturbances and force fighting problem, the following four algorithms with similar control structure (shown as Figure 2 2) Adaptive Fault-tolerant Synchronization Control (AFTSC): This control algorithm is similar to the proposed DAFTSC algorithm but without consideration of disturbance compensation. To achieve a fair comparison between these two algorithms, the parameters of the control algorithm, the parameters for the reference trajectory x r1 design and the fault adaptation rates are the same as those chosen by DAFTSC.
3) Disturbance-estimation based Synchronization Control (DSC): This control algorithm is similar to DAFTSC but without fault tolerance capability, and the value of the parameterθ i in observer (32) is set to zero by default. The other parameters setting in the algorithm are the same as those in DAFTSC.
4) Robust Synchronization Control (RSC): This algorithm has the same control structure as the other three ones. However, only robust feedback control terms are employed to handle the disturbances and faults in the DRHAS, and the feedback control gains are the same as those chosen by DAFTSC.
In addition, θ r = arctan(0.2 sin(2π t)) [1−exp(−0.1t 3 )] rad which fulfills the Assumption 3 is employed as the reference trajectory of the system. An elastic load F L = K d x d is used to simulate the air loads acting on the control surface. Consider the following fault scenario: at t = 10s, an internal leakage fault with C t1 = 1 × 10 −7 (m 3 /s/pa) occurs in HA1 and an internal leakage fault with C t2 = 5 × 10 −7 (m 3 /s/pa) occurs in HA2.
To test the control performance of each algorithm under large disturbance condition, two types of disturbances are inserted. The unmatched disturbances, i.e., the lumped disturbances d 1 and d 2 in two HA channels are set as: d 1 = 100 sin(2π t), d 2 = 400 sin(2π t). Moreover, two input disturbances which have the similar form as the system reference trajectory have been added to the system by modifying the control inputs [36] , i.e., u 1 = u 2 = 1.5 arctan(0.2 sin(2π t))[1 − exp(−0.1t 3 )]. These disturbances are employed to simulate the matched disturbances which can greatly affect the dynamics of the system. From (3)- (6) and (11), we can further derive the expressions of the matched disturbances in both HAs as
Remark 7: According to equations (74), (75), (7) and (8), it can be observed that the matched disturbances q 1 and q 2 inserted in this simulation test vary with the changes of the chamber pressures P hi1 and P hi2 . Since the internal leakage faults can cause significant changes in chamber pressures of the HAs, the amplitudes of the matched disturbances will change after the occurrence of the faults.
Three performance indexes [36] , i.e., the maximum, the average and the standard deviation of the position tracking errors (M e , µ e , σ e ) are used to evaluate the steady-state position tracking performance before and after fault occurrence. Similarly, the maximum, the average and the standard deviation of the fighting force between HA channels (M f , µ f , σ f ) are introduced to assess the synchronization performance of each algorithm before and after fault occurrence. Moreover, the indexes M e and M f are used to investigate the faulttolerant ability of each algorithm during the fault transient time. The steady-state indexes are calculated from the data of the last three cycles of the corresponding steady-state time period, and the fault transient performance indexes are calculated based on all the data of the transient time period. Figure 3 compares the position tracking performance of the four algorithms, and the corresponding performance indexes are summarized in Table 2 . The curves of the fighting force between HA channels under the control of four algorithms are shown in Figure 4 and the specific indexes for the measurement of the system synchronization performance are listed in the Table 3 . From the simulation results, it can be observed that under normal condition, disturbances is the main factor affecting the position tracking performance of the system and the two algorithms with disturbance estimation and compensation, namely, the proposed algorithm and the DSC algorithm can achieve better positon tracking accuracy than the other algorithms. In addition, by comparing the index of the standard deviation σ e , it can be found that the position tracking accuracy of the algorithm with disturbance estimation and compensation fluctuates less than the other algorithms. Furthermore, influenced by the unequal disturbances, the fighting force between two HA channels is enlarged. Even with the same synchronization control mechanism, the synchronization performance of some algorithms can decrease dramatically. For example, the maximum fighting force for RSC can reach 2.6338e+003 N. In contrast, the maximum fighting force can be reduced to 273.4514N by the proposed DAFTSC algorithm due to the use of disturbance estimation and compensation.
During the fault-transient time, the position tracking performance degradation can be further aggravated by large disturbances, especially for the system without disturbance compensation. As shown in Figure 3 and Table 2 , under the same fault condition, the maximum position tracking error for RSC can reach 0.0076 rad, larger than the other three algorithms. This means that the algorithm with only robust feedback control design cannot accommodate the faults and large disturbances anymore. In comparison, by utilizing the disturbance compensation design, the algorithms DAFTSC and DSC can suppress the deterioration in position tracking performance more effectively than the other algorithms.
Similar results can be found in the aspect of the synchronization performance of the control system. Note that the magnitudes of the faults in two HA channels are not the same and this may lead to a more serious force fighting problem. Moreover, the existence of large disturbances will make the problem worse. Therefore, the algorithm which incorporates faults and disturbances compensation will improve the synchronization performance of the system. As shown in Figure 4 and Table 3 , during the fault-transient time, the maximum fighting force for DAFTSC is 4.1716e+003N, the smallest of the four algorithms.
After experiencing a fault transient time, the faulty system enters into the steady state. During this time period, the position tracking accuracy of the closed-loop system is mainly affected by the faults. Therefore, the algorithms with fault estimation and compensation ability exhibit better position tracking performance. According to Table 2 , the average position tracking errors of the algorithms DAFTSC and AFTSC are 5.2185e − 005 rad and 4.7411e −004 rad respectively, less than the other two algorithms. Moreover, the DAFTSC algorithm outperforms the AFTSC algorithm for all positon tracking performance indexes due to its disturbance rejection ability. As shown in Table 3 , similar results can be found in the aspect of the synchronization performance of the faulty system.
Remark 8: In normal condition, the unequal disturbances d 1 and d 2 make differences in displacement dynamics between two HAs and the differences are the most obvious as the piston velocity of each hydraulic cylinder changes its direction. For DSC and DAFTSC, the positon tracking errors (or the fighting force) caused by the displacement differences are greatly reduced by employing the disturbance estimation and compensation strategy. However, as shown in Figure 3 and Figure 4 , the curves of the position tracking error (or the fighting force) for DSC and DAFTSC still exhibit some ''glitches'' when the piston velocity of the hydraulic cylinder experiences a direction change. Similar results can be found after the occurrence of the faults, and during this period, the differences of the displacement dynamics are mainly caused by the unequal faults in two HAs. Figure 5 compares the faulty parameter estimation results for the algorithms DAFTSC and AFTSC. For the proposed DAFTSC algorithm, estimations of the internal leakage faults in two HA channels converge to their real values at about t = 12s. In contrast, the AFTSC algorithm has constant estimation error during the whole estimation process under the influence of large disturbances.
The estimation results of the matched and unmatched disturbances in two HA channels for the algorithms DSC and DAFTSC are presented in Figure 6 and Figure 7 , respectively. According to (21) , the faults appear in the same equation as the matched disturbances and thus mainly affect the estimation accuracy of the matched disturbances. As shown in the second and fourth subgraphs of Figure 6 , the matched disturbance estimations of the DSC algorithm deviate from their true values immediately after the occurrence of the faults, for the disturbance observers (32) employed in this algorithm do not have parameters updating online. In comparison, the disturbance estimations of the DAFTSC algorithm gradually converge to their real values with the convergence of the faulty parameter estimations.
V. CONCLUSION
In this paper, a fault-tolerant synchronization control algorithm based on adaptive backstepping technology and disturbances estimation is proposed to handle the control problem of a DRHAS on A/A mode in the face of internal leakage faults, large disturbances and force fighting problem. To achieve positon tracking and force outputs synchronization simultaneously, two reference trajectories are introduced and a novel nonlinear model of the DRHAS is developed. Based on the backstepping method, a nonlinear controller incorporating the adaptive control and the observer-based disturbance rejection control is proposed. In which, the internal leakage faults are accommodated by a simple reconfiguration strategy based on faulty parameter online adaptation, and the matched and unmatched disturbances are estimated by four ESOs and are compensated in a feedforward way. Comparative simulation results finally demonstrate the effectiveness of the proposed control algorithm.
Since the proposed control algorithm is designed based on full-state feedback, future study will focus on the development of an output-feedback FTSC algorithm for the DRHAS under the condition that only the displacement signals in both HAs are measurable. Moreover, how to design a control scheme to handle the fault-tolerant synchronization problem for the DRHAS in the present of time-varying disturbances to achieve asymptotic stability needs to be investigated.
